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(57) ABSTRACT

The present invention is intended to provide an electron-
beam-pumped light source capable of irradiating one surface
of a semiconductor light-emitting device uniformly with an
electron beam, and capable of obtaining a high light output
without increasing an accelerating voltage of the electron
beam and, in addition, capable of efficiently cooling the semi-
conductor light-emitting device. An electron-beam-pumped
light source of the present invention includes: an electron
beam source and a semiconductor light-emitting device
excited by an electron beam emitted from the electron beam
source, and characterized in that the electron beam source
includes a planar electron beam emitting portion and
arranged in the periphery of the semiconductor light-emitting
device, and light exits from a surface through which the
electron beam from the electron beam source of the semicon-
ductor light-emitting device enters.

11 Claims, 8 Drawing Sheets
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1
ELECTRON-BEAM-PUMPED LIGHT
SOURCE

TECHNICAL FIELD

The present invention relates to an electron-beam-pumped
light source including an electron beam source and a semi-
conductor light-emitting device excited by an electron beam
emitted from the electron beam source.

BACKGROUND ART

An electron-beam-pumped light source configured to
cause a semiconductor light-emitting device to emit light by
emitting an electron beam is expected as a compact light
source having high-output ultraviolet rays.

FIG. 12 is an explanatory cross-sectional view illustrating
a schematic configuration of an example of an electron-beam-
pumped light source of the related art. The electron-beam-
pumped light source is configured to emit laser beams,
includes a vacuum container 80 hermetically sealed in a state
of'a negative pressure in the interior thereof and having a light
transmitting window 81. In the vacuum container 80, a laser
structure 85 including light reflecting members 83, 84
arranged on both surfaces of a semiconductor light-emitting
device 82 is arranged on an inner surface of the light trans-
mitting window 81 thereof, and an electron beam source 86
configured to irradiate the semiconductor light-emitting
device 82 with an electron beam is arranged on an inner
surface of a bottom wall of the vacuum container 80 so as to
face the laser structure 85. The semiconductor light-emitting
device 82 and the electron beam source 86 are electrically
connected to electron accelerating means 87 provided outside
of'the vacuum container 80 and configured to apply an accel-
erating voltage. The electron-beam-pumped light source hav-
ing such the configuration is disclosed in Patent Literature 1.

In the electron-beam-pumped light source described
above, electrons emitted from the electron beam source 86 are
accelerated by the accelerating voltage applied between the
semiconductor light-emitting device 82 and the electron
beam source 86 and are formed into an electron beam, light
exits from the semiconductor light-emitting device 82 by the
electron beam entering the semiconductor light-emitting
device 82 via the light reflecting member 84, and the light
exits outside as a laser beam through the light transmitting
window 81 by being resonated by the light reflecting mem-
bers 83, 84.

However, in the electron-beam-pumped light source
described above, the semiconductor light-emitting device 82
generates heat by being irradiated with the electron beam, and
since of the two surfaces of the semiconductor light-emitting
device 82 that have a large surface area, one is used as a
light-emitting surface and the other surface thereof'is used as
an electron beam incident surface, the semiconductor light-
emitting device 82 is not capable of being cooled from a
surface having a large surface area. Hence it is difficult to cool
the semiconductor light-emitting device 82 efficiently. Con-
sequently, there are problems that the semiconductor light-
emitting device 82 generates heat at a high temperature,
whereby luminous efficiency of the semiconductor light-
emitting device 82 is lowered and hence high output light is
not emitted, and the semiconductor light-emitting device 82
may be broken by heat generation in an early stage.

Also, one means contemplated for obtaining higher light
output is increasing the accelerating voltage for the electron
beam. However, when the accelerating voltage for the elec-

10

15

20

25

30

35

40

45

50

55

60

65

2

tron beam is increased, there arises a problem that an X-ray is
generated from the semiconductor light-emitting device 82.

Also, another means contemplated for obtaining greater
light output is increasing a voltage to be applied to the elec-
tron beam source 86. However, when the voltage to be applied
to the electron beam source 86 is increased, there is a problem
that the electron beam source 86 generates heat and breaks in
an early stage.

In order to solve the above-described problems, there is
proposed an electron-beam-pumped light source configured
to cause an electron beam incident on one surface of the
semiconductor light-emitting device by an electron gun from
a direction oblique thereto so that light exits from the one
surface of the semiconductor light-emitting device where the
electron beam is incident (see Patent Literature 2). According
to the electron-beam-pumped light source, since the semicon-
ductor light-emitting device may be cooled efficiently from a
back surface thereof, the semiconductor light-emitting device
can be cooled efficiently, and hence a high light output is
maintained without lowering the luminous efficiency of the
semiconductor light-emitting device.

However, in the electron-beam-pumped light source as
described above, since the electron gun is used for irradiating
the semiconductor light-emitting device with the electron
beam, the one surface of the semiconductor light-emitting
device cannot be irradiated with the electron beam uniformly,
that is, the one surface of the semiconductor light-emitting
device is irradiated with the electron beam locally in an inten-
sive manner, so that there arises a problem that the semicon-
ductor light-emitting device is deteriorated in an early stage.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent No. 3667188
Patent Literature 2: JP-A-09-214027

SUMMARY OF INVENTION
Technical Problem

In view of such circumstances, it is an object of the present
invention to provide an electron-beam-pumped light source
capable of irradiating one surface of a semiconductor light-
emitting device uniformly with an electron beam, and capable
of obtaining a high light output without increasing an accel-
erating voltage of the electron beam and, in addition, capable
of efficiently cooling the semiconductor light-emitting
device.

In addition to the object described above, it is another
object of the present invention to provide an electron-beam-
pumped light source capable of efficiently irradiating one
surface of the semiconductor light-emitting device with an
electron beam.

In addition to the above-described objects, it is further
another object of the present invention to provide an electron-
beam-pumped light source capable of obtaining a high light
output without increasing a voltage applied to an electron
beam source.

Solution to Problem

The electron-beam-pumped light source according to the
present invention is an electron-beam-pumped light source
including: an electron beam source and a semiconductor
light-emitting device excited by an electron beam emitted
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from the electron beam source, characterized in that the elec-
tron beam source includes a planar electron beam emitting
portion and arranged in the periphery of the semiconductor
light-emitting device, and light exits from a surface which the
electron beam from the electron beam source of the semicon-
ductor light-emitting device enters.

In the electron-beam-pumped light source according to the
present invention, it is preferable that the electron beam emit-
ting portion is formed of a carbon nanotube.

Also, it is preferable that the electron beam source is
arranged so as to surround the semiconductor light-emitting
device.

Also, the electron beam source may be formed of an annu-
lar band-shaped member surrounding the semiconductor
light-emitting device.

Also, a plurality of the electron beam sources may be
arranged so as to interpose the semiconductor light-emitting
device therebetween.

Also, a plurality of the electron beam sources including
partial annular band-shaped members respectively may be
arranged so as to surround the semiconductor light-emitting
device.

In the electron-beam-pumped light source according to the
present invention, it is preferable that an electrode for electric
field control configured to direct a trajectory of the electron
beam emitted from the electron beam source toward a surface
of the semiconductor light-emitting device from which light
exits is provided.

In such an electron-beam-pumped light source, it is pref-
erable that a height of the surface of the semiconductor light-
emitting device which the electron beam enters is a height
displaced from the surface of the electron beam emitting
portion from which the electron beam exits in the direction of
emission of the light from the semiconductor light-emitting
device.

Also, it is preferable that the electrode for electric field
control is arranged outward of the electron beam source with
respect to the semiconductor light-emitting device, and a
negative voltage is applied to the electron beam source.

Also, in the electron-beam-pumped light source according
to the present invention, it is preferable that electron radiant
quantity emitted from the electron beam emitting portion is
25 mA/cm?® or smaller.

In such an electron-beam-pumped light source, it is pref-
erable that the surface area of a surface of the electron beam
emitting portion from which the electron beam exits is larger
than the surface area of the surface of the semiconductor
light-emitting device which the electron beam enters.

Advantageous Effects of Invention

According to the electron-beam-pumped light source of
the present invention, the electron beam source having the
planar electron beam emitting portion is arranged in the
periphery of the semiconductor light-emitting device. There-
fore, one surface of the semiconductor light-emitting device
is irradiated uniformly with the electron beam and hence the
high output light may be obtained without increasing the
accelerating voltage of the electron beam. In addition, since
the light exits from the surface where the electron beam from
the electron beam source in the semiconductor light-emitting
device enters, the semiconductor light-emitting device may
be cooled from the other surface of the semiconductor light-
emitting device. Therefore, since the semiconductor light-
emitting device may be cooled efficiently, lowering of the
luminous efficiency of the semiconductor light-emitting
device is avoided, and high light output is maintained.
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Also, regarding a configuration including an electrode for
electric field control configured to direct the trajectory of the
electron beam emitted from the electron beam source toward
the surface of the semiconductor light-emitting device from
which light exits, since the trajectory of the electron beam
emitted from the electron beam source may be directed
toward the one surface of the semiconductor light-emitting
device from which light exits by the electrode for electric field
control, the electron beam may enter the one surface of the
semiconductor light-emitting device at a high efficiency,
whereby a high light output is obtained without increasing the
accelerating voltage of the electron beam.

Also, by keeping the electron radiant quantity emitted from
the electron beam emitting portion to 25 mA/cm? or lower, a
high output light may be obtained without increasing the
voltage to be applied to the electron beam source.

Also, since the surface area of the surface from which the
electron beam of the electron beam emitting portion exits is
larger than the surface area of the surface which the electron
beam of the semiconductor light-emitting device enters, the
electron beam emitted from the electron beam emitting por-
tion has a high electron density when entering the semicon-
ductor light-emitting device, so that higher light output is
obtained without increasing the accelerating voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an explanatory drawing illustrating a schematic
configuration of an electron-beam-pumped light source
according to a first embodiment of the present invention, in
which (a) is a cross-sectional side view, and (b) is a plan view
illustrating a state in which a light transmitting window is
removed.

FIG. 2 is an explanatory cross-sectional view illustrating a
configuration of a semiconductor light-emitting device in the
electron-beam-pumped light source according to the first
embodiment.

FIG. 3 is an explanatory cross-sectional view illustrating a
configuration of an electron beam source in the electron-
beam-pumped light source according to the first embodiment.

FIG. 4 is a graph showing a relationship between a ratio
s,/s; of a surface area S, of a surface of an electron beam
emitting portion from which an electron beam exits with
respect to a surface area S, of a surface of the semiconductor
light-emitting device which the electron beam enters, and an
accelerating voltage required for obtaining an output of light
of 1 W.

FIG. 5 is an explanatory drawing illustrating a schematic
configuration of an electron-beam-pumped light source
according to a second embodiment of the present invention, in
which (a) is a cross-sectional side view, and (b) is a plan view
illustrating a state in which the light transmitting window is
removed.

FIG. 6 is an explanatory drawing illustrating a schematic
configuration of an electron-beam-pumped light source
according to a third embodiment of the present invention, in
which (a) is a cross-sectional side view, and (b) is a plan view
illustrating a state in which the light transmitting window is
removed.

FIG. 7 is an explanatory drawing illustrating a schematic
configuration of an electron-beam-pumped light source
according to a fourth embodiment of the present invention, in
which (a) is a cross-sectional side view, and (b) is a plan view
illustrating a state in which the light transmitting window is
removed.

FIG. 8 is an explanatory cross-sectional view illustrating a
positional relationship between a semiconductor light-emit-
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ting device and an electron beam source in the electron-beam-
pumped light source according to the fourth embodiment.

FIG. 9 is an explanatory drawing illustrating a schematic
configuration of an electron-beam-pumped light source
according to a fifth embodiment of the present invention, in
which (a) is a cross-sectional side view, and (b) is a plan view
illustrating a state in which the light transmitting window is
removed.

FIG. 10 is an explanatory cross-sectional view illustrating
a schematic configuration of a modification of the electron-
beam-pumped light source according to the third embodi-
ment.

FIG. 11 is an explanatory cross-sectional view illustrating
a modification of an electrode for electric field control.

FIG. 12 is an explanatory cross-sectional view illustrating
a schematic configuration of an example of an electron-beam-
pumped light source of the related art.

DESCRIPTION OF EMBODIMENTS
First Embodiment

FIG. 1 is an explanatory drawing illustrating a schematic
configuration of an electron-beam-pumped light source
according to a first embodiment of the present invention, in
which (a) is a cross-sectional side view, and (b) is a plan view
illustrating a state in which a light transmitting window is
removed.

The electron-beam-pumped light source includes a
vacuum container 10 being sealed in a hermetic manner in a
state of a negative pressure in the interior thereof and having
an outline of a parallelepiped, and includes a container base
11 having an opening on one surface (an upper surface in FIG.
1(a)), and a light transmitting window 15 arranged on the
opening of the container base 11 and sealing the container
base 11 in an air-tight manner.

A semiconductor light-emitting device 20 is arranged in
the vacuum container 10 so that a front surface 20a (an upper
surface in FIG. 1(a)) thereof is arranged so as to face the light
transmitting window 15 at a distance therefrom, and an elec-
tron beam source 30 including a planar electron beam emit-
ting portion 32 formed on a supporting substrate 31 is
arranged in a peripheral area of the semiconductor light-
emitting device 20, specifically, in an area in the proximity of
the semiconductor light-emitting device 20 other than a por-
tion in an area on the front surface 20a and an area on a back
surface 205 of the semiconductor light-emitting device 20 so
as to surround the semiconductor light-emitting device 20.
Specifically, the electron beam source 30 is formed of an
annular band-shaped member, and is arranged so as to sur-
round the semiconductor light-emitting device 20 in a posture
in which a front surface 32a of the electron beam emitting
portion 32 from which the electron beam exits faces the same
direction as the front surface 20q of the semiconductor light-
emitting device 20, that is, faces the light transmitting win-
dow 15 of the vacuum container 10 and, in this state, is fixed
to a bottom wall of the container base 11 in the vacuum
container 10 via a supporting member 37. The semiconductor
light-emitting device 20 and the electron beam source 30 are
electrically connected to electron accelerating means (not
illustrated) for applying an accelerating voltage provided out-
side of the vacuum container 10 via a conductive line (not
illustrated) drawn out from the interior to the outside of the
vacuum container 10. Also, the semiconductor light-emitting
device 20 is fixed to the bottom wall of the container base 11
of the vacuum container 10 via a high-temperature conduct-
ing member 16 provided on the back surface 205 thereof.
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As a material which constitutes the container base 11 of the
vacuum container 10, insulating materials such as, for
example, glass such as quartz glass or ceramics such as alu-
mina may be used.

Also, as a material which constitutes the light transmitting
window 15 of the vacuum container 10, those which allow
passage of light from the semiconductor light-emitting device
20 therethrough, may be used and, for example, quartz glass
or sapphire may be used.

Also, the pressure in the interior of the vacuum container
10 is, for example, 10~* to 107 Pa.

As an example of dimensions of the vacuum container 10,
the outer dimensions of the container base 11 is 40 mmx40
mmx20 mm, the thickness of the container base 11 is 2 mm,
the opening of the container base 11 is 36 mmx36 mm and
dimensions of the light transmitting window 15 are 40
mmx40 mmx2 mm.

As a material which constitutes the high-temperature con-
ducting member 16, high-temperature conducting metal such
as copper or diamond, for example, may be used.

The semiconductor light-emitting device 20 includes a
substrate 21 formed of, for example, sapphire, as illustrated in
FIG. 2, a buffer layer 22 formed of, for example, AIN formed
on one surface of the substrate 21, and an active layer 25
formed on one surface of the buffer layer 22 and having a
single quantum well structure or a multi quantum well struc-
ture.

The substrate 21 of the semiconductor light-emitting
device 20 in this example is joined to the high-temperature
conducting member 16 by blazing or the like in a state in
which the active layer 25 faces the light transmitting window
15 of the vacuum container 10.

The thickness of the substrate 21 is, for example, 10 to
1000 um, and the thickness of the buffer layer 22 is, for
example, 100 to 1000 nm.

Also, the distance between the active layer 25 and the
electron beam source 30 of the semiconductor light-emitting
device 20 is, for example, 5 to 15 mm.

Also, the distance between the front surface 20a of the
semiconductor light-emitting device 20 from which light
exits and the inner surface of the light transmitting window 15
is, for example, 3 to 25 mm.

The active layer 25 has the single quantum well structure or
the multi quantum well structure each composed of
In, AL Ga, . N (0=x<1, O<y=l, x+y=1), and including lami-
nating a single or plural quantum well layers 26 and a single
or plural barrier layers 27 alternately on the buffer layer 22 in
this order.

The thickness of each of the quantum well layers 26 is, for
example, 0.5 to 50 nm. Also, the barrier layers 27 each have a
composition selected so that the width of a band gap thereof
is larger than that of the quantum well layer 26 and, for
example, AIN may be used. The thickness of the respective
layers is set to be larger than the width of the well of the
quantum well layer 26 and specifically, for example, 1 to 100
nm.
The cycle of the quantum well layer 26 which constitutes
the active layer 25 is set as needed by considering an entire
thickness of the quantum well layer 26, the barrier layers 27
and the active layer 25 and the accelerating voltage of the
electron beam used is normally 1 to 100.

The semiconductor light-emitting device 20 described
above may be formed by, for example, the MOCDV method
(organic metal gas phase growth method). Specifically, the
buffer layer 22 composed of AIN having a required thickness
is formed by using carrier gas composed of hydrogen and
nitrogen and raw material gas composed of trimethylalumi-
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num and ammonia and growing a gas phase on the surface of
the substrate 21 (0001) formed of sapphire, then the active
layer 25 having the single quantum well structure or the multi
quantum well structure composed of In, Al Ga,_, N (0=x<I,
O<y=l, x+y=1) having a required thickness by using carrier
gas composed of hydrogen gas and nitrogen gas, and raw
material gas composed of trimethylaluminum, trimethylgal-
lium, trimethylindium, and ammonia, and growing a gas
phase on the buffer layer 22, whereby the semiconductor
light-emitting device 20 is formed.

In respective forming steps for forming the buffer layer 22,
the quantum well layer 26, and the barrier layers 27 described
above, conditions such as the processing temperature, the
processing pressure, and the growing speeds of the respective
layers are set as needed depending on the composition or the
thickness or the like of the buffer layer 22, the quantum well
layer 26, and the barrier layers 27 to be formed.

Also, when forming the quantum well layer 26 formed of
InAlIGaN, trimethylindium may be used in addition to the
above-described substances as the raw material gas, and the
processing temperature may be set to be lower than that in a
case of forming the quantum well layer 26 formed of AIGaN.

Also, the method of forming the semiconductor multilayer
film is not limited to MOCVD method and, for example, the
MBE method (molecular beam epitaxy) may be used.

As illustrated in FIG. 3, the electron beam emitting portion
32 of the electron beam source 30 is formed by supporting a
number of carbon nanotubes on the supporting substrate 31,
and the supporting substrate 31 which is melted by the elec-
tron beam source 30 is fixed to a plate-shaped base 33. Also,
a net-like extraction electrode 35 for ejecting the electron
from the electron beam emitting portion 32 is arranged above
the front surface 32a of the electron beam emitting portion 32
of the electron beam source 30 from which the electron beam
exits so as to face the electron beam emitting portion 32 at a
distance therefrom, and the extraction electrode 35 is fixed to
the base 33 via an electrode holding member 36. The support-
ing substrate 31 and the extraction electrode 35 are electri-
cally connected to a power source for electron beam dis-
charge 51 provided outside the vacuum container 10 so that
the extraction electrode 35 becomes a positive pole and the
supporting substrate 31 becomes a negative pole via a con-
ductive line (not illustrated) drawn out from the interior to the
outside of the vacuum container 10.

The surface area of the front surface 32a of the electron
beam emitting portion 32 from which the electron beam exits
is preferably larger than the surface area of the front surface
20a of the semiconductor light-emitting device 20 which the
electron beam enters. Specifically, the ratio S,/S, is prefer-
ably 6 or larger, and more preferably, 10 to 30 where S, is a
surface area of the front surface 20a of the semiconductor
light-emitting device 20 which the electron beam enters, and
S, is a surface area of the front surface 32a of the electron
beam emitting portion 32 where the electron beam exits.

FIG. 4 is a graph illustrating a relationship the ratio S,/S;
and the accelerating voltage required for obtaining a light
output of 1 W in a case where the semiconductor light-emit-
ting device 20 is irradiated with the electron beam from the
electron beam source 30 under the conditions that the electron
radiant quantity emitted from the electron beam emitting
portion 32 is 10 mA/cm?, and the power efficiency of the
semiconductor light-emitting device 20 is 20%. As is clear
from the drawing, the accelerating voltage required for
obtaining the light output of 1 W is in inverse proportion to the
ratio S,/S,, and the larger the ratio S,/S| of the surfacearea S,
of' the front surface 32a of the electron beam emitting portion
32 with respect to the surface area S, of the front surface 20a
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of the semiconductor light-emitting device 20, the lower the
accelerating voltage may be set. It seems to be because the
electron density of the electron beam emitted from the elec-
tron beam emitting portion 32 becomes higher in proportion
to the ratio S,/S; when entering the front surface 20a of the
semiconductor light-emitting device 20.

As an example of dimension of the electron beam source
30, the outer diameter of the supporting substrate 31 is 25
mm, the inner diameter is 19 mm, the thickness is 0.1 mm, the
outer diameter of the electron beam emitting portion 32 is 24
mm, the inner diameter is 20 mm, the thickness is 0.02 mm,
and the surface area of a surface of the electron beam emitting
portion 32 from which the electron beam exits is 138 mm?.

As a material which constitutes the supporting substrate
31, metallic material or the like including any one of iron,
nickel, cobalt, and chrome may be used.

A method of forming the electron beam emitting portion 32
formed of the carbon nanotube on the supporting substrate 31
is not specifically limited and may be a known method. For
example, the Screen Printing Method that involves preparing
paste containing powder of carbon nanotube (formed by
methods such as the Thermal CVD method or the Arc Dis-
charge Method that accumulates carbon on a metallic catalyst
layer formed on the surface of the supporting substrate 31 and
forms the carbon nanotube by heating the supporting sub-
strate 31 formed with a metallic catalyst layer on the surface
thereof and supplying carbon source gas such as CO and
acetylene and organic binder in a liquid medium), and apply-
ing the paste to the surface of the supporting substrate 31 and
drying the same by screen printing may be suitably used.

Also, as a material which constitutes the extraction elec-
trode 35, a metallic material or the like including, for
example, any one of iron, nickel, cobalt, and chrome may be
used.

In the electron-beam-pumped light source described
above, when the voltage is applied between the electron beam
source 30 and the extraction electrode 35, electrons are dis-
charged from the electron beam emitting portion 32 of the
electron beam source 30 toward the extraction electrode 35,
and these electrons proceed toward the semiconductor light-
emitting device 20 while being accelerated by the accelerat-
ing voltage applied between the semiconductor light-emitting
device 20 and the electron beam source 30, and then enters the
front surface 20a of the semiconductor light-emitting device
20, that is, the surface of the active layer 25 as an electron
beam. Then, in the semiconductor light-emitting device 20,
the electrons of the active layer 25 are excited by the entry of
the electron beam, whereby light such as ultraviolet rays exits
from the front surface 20a of the semiconductor light-emit-
ting device 20, through which the electron beam entered, to
the outside of the vacuum container 10 via the light transmit-
ting window 15 of the vacuum container 10.

In the description given thus far, the electron radiant quan-
tity emitted from the electron beam emitting portion 32 is
preferably 25 mA/cm? or below, and more preferably, 1 to 15
mA/cm? and, further preferably, 5 to 10 mA/cm®. When the
electron radiant quantity exceeds 25 mA/cm?, the voltage
applied to the electron beam source 30 needs to be higher
correspondingly, and consequently, there may arise a prob-
lem that the electron beam source 30 generates heat and hence
breaks in an early stage. Also, when the electron beam radiant
quantity is excessively small, the front surface 20a of the
semiconductor light-emitting device 20 is not irradiated with
a sufficient amount of the electron beam, and hence it may be
difficult to obtain a high output light.

Also, the voltage applied between the electron beam source
30 and the extraction electrode 35 is preferably from 1to SkV.
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When this voltage is excessively low, the electron density of
the electron beam emitted from the electron beam emitting
portion 32 is small, and hence it may be difficult to obtain the
high output light. In contrast, when the voltage is excessively
high, the electron beam source 30 may generate heat and
hence may be broken in an early stage.

Also, the accelerating voltage of the electron beam is pref-
erably from 6 to 12 kV. When this accelerating voltage is
excessively low, the electrons emitted from the electron beam
emitting portion 32 are not sufficiently accelerated, and hence
it may be difficult to obtain the high light output. In contrast,
when the accelerating voltage is excessively high, an X ray
may be generated easily from the semiconductor light-emit-
ting device 20, and the semiconductor light-emitting device
20 is susceptible to damage due to the energy of the electron
beam, which is not preferable.

According to the electron-beam-pumped light source as
described above, the electron beam source 30 having the
planar electron beam emitting portion 32 and formed of the
annular band-shaped member is arranged in the periphery of
the semiconductor light-emitting device 20 so as to surround
the semiconductor light-emitting device 20. Therefore, the
front surface 20a of the semiconductor light-emitting device
20 is irradiated uniformly with the electron beam and hence
the high output light may be obtained without increasing the
accelerating voltage of the electron beam. In addition, since
the light exits from the front surface 20a which the electron
beam from the electron beam source 30 in the semiconductor
light-emitting device 20 enters, the semiconductor light-
emitting device 20 may be cooled from the back surface 205
of the semiconductor light-emitting device 20 via the high-
temperature conducting member 16. Therefore, since the
semiconductor light-emitting device 20 may be cooled effi-
ciently, lowering of the luminous efficiency of the semicon-
ductor light-emitting device 20 is avoided, and the high out-
put light is maintained.

Also, by keeping the electron radiant quantity emitted from
the electron beam emitting portion 32 to 25 mA/cm? or lower,
a high light output may be obtained without increasing the
voltage to be applied to the electron beam source 30.

Also, since the surface area of the front surface 32a from
which the electron beam of the electron beam emitting por-
tion 32 exits is larger than the surface area of the front surface
20a which the electron beam of the semiconductor light-
emitting device 20 enters, the electron beam emitted from the
electron beam emitting portion 32 has a high electron density
when entering the front surface 20a of the semiconductor
light-emitting device 20, so that the higher light output is
obtained without increasing the accelerating voltage.

Second Embodiment

FIG. 5 is an explanatory drawing illustrating a schematic
configuration of an electron-beam-pumped light source
according to a second embodiment of the present invention, in
which (a) is a cross-sectional side view, and (b) is a plan view
illustrating a state in which the light transmitting window is
removed.

In the electron-beam-pumped light source, a plurality of
(four in the illustrated example) electron beam sources 30
each formed with the planar electron beam emitting portion
32 on the supporting substrates 31 are arranged in the periph-
eral area of the semiconductor light-emitting device 20 so as
to surround the semiconductor light-emitting device 20. Spe-
cifically, the electron beam sources 30 are each formed of a
partial annular band-shaped member, and are arranged so as
to surround the semiconductor light-emitting device 20 along
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the circle having a center at the semiconductor light-emitting
device 20 in a posture in which the front surface 324 from
which the electron beam of the electron beam emitting por-
tion 32 exits faces the same direction as the front surface 20a
of the semiconductor light-emitting device 20, that is, faces
the light transmitting window 15 of the vacuum container 10
and, in this state, is fixed to the bottom wall of the container
base 11 in the vacuum container 10 via the supporting mem-
ber 37.

Other detailed configurations are the same as the electron-
beam-pumped light source according to the first embodiment.

According to the electron-beam-pumped light source as
described above, a plurality of the electron beam sources 30
having the planar electron beam emitting portion 32 and
formed of the partial annular band-shaped members are
arranged in the periphery of the semiconductor light-emitting
device 20 so as to surround the semiconductor light-emitting
device 20. Therefore, the front surface 20a of the semicon-
ductor light-emitting device 20 is irradiated uniformly with
the electron beam and hence the high output light may be
obtained without increasing the accelerating voltage of the
electron beam. In addition, since the light exits from the front
surface 20a which the electron beam from the electron beam
source 30 of the semiconductor light-emitting device 20
enters, the semiconductor light-emitting device 20 may be
cooled from the back surface 205 of the semiconductor light-
emitting device 20 via the high-temperature conducting
member 16. Therefore, since the semiconductor light-emit-
ting device 20 may be cooled efficiently, lowering of the
luminous efficiency of the semiconductor light-emitting
device 20 is avoided, and the high output light is maintained.

Third Embodiment

FIG. 6 is an explanatory drawing illustrating a schematic
configuration of an electron-beam-pumped light source
according to a third embodiment of the present invention, in
which (a) is a cross-sectional side view, and (b) is a plan view
illustrating a state in which the light transmitting window is
removed.

In this electron-beam-pumped light source, the semicon-
ductor light-emitting device 20 is arranged on an inner sur-
face of the bottom wall of the container base 11 in the vacuum
container 10 so that the front surface 20a (an upper surface in
FIG. 6(a)) faces the light transmitting window 15 at a distance
therefrom, and a plurality of (two in the illustrated example)
electron beam sources 30 each formed with the rectangular
planar electron beam emitting portion 32 on the rectangular
supporting substrates 31 are arranged in the peripheral area of
the semiconductor light-emitting device 20 so as to interpose
the semiconductor light-emitting device 20 therebetween.
More specifically, the electron beam emitting portions 32 of
the respective electron beam sources 30 are formed by sup-
porting a number of carbon nanotubes on the supporting
substrate 31, and the supporting substrates 31 of the respec-
tive electron beam sources 30 are fixed to the plate-shaped
bases 33, and the respective bases 33 are fixed to the inner
surfaces of the two side surfaces of the container base 11
facing each other, the electron beam sources 30 are arranged
respectively so that the electron beam emitting portions 32
face each other at positions interposing the semiconductor
light-emitting device 20 therebetween. Other detailed con-
figurations are the same as the electron-beam-pumped light
source according to the first embodiment.

According to the electron-beam-pumped light source as
described above, the plurality of the electron beam sources 30
having the planar electron beam emitting portion 32 are
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arranged in the periphery of the semiconductor light-emitting
device 20 so as to interpose the semiconductor light-emitting
device 20 therebetween. Therefore, the front surface 20a of
the semiconductor light-emitting device 20 is irradiated uni-
formly with the electron beam and hence the high light output
may be obtained without increasing the accelerating voltage
of'the electron beam. In addition, since the light exits from the
front surface 20a which the electron beam from the electron
beam sources 30 in the semiconductor light-emitting device
20 enters, the semiconductor light-emitting device 20 may be
cooled from the back surface 205 of the semiconductor light-
emitting device 20. Therefore, since the semiconductor light-
emitting device 20 may be cooled efficiently, lowering of the
luminous efficiency of the semiconductor light-emitting
device 20 is avoided, and the high light output is maintained.

Fourth Embodiment

FIG. 7 is an explanatory drawing illustrating a schematic
configuration of an electron-beam-pumped light source
according to a fourth embodiment of the present invention, in
which (a) is a cross-sectional side view, and (b) is a plan view
illustrating a state in which the light transmitting window is
removed.

The electron-beam-pumped light source includes the
vacuum container 10 being sealed in a hermetic manner in a
state of a negative pressure in the interior thereof and having
an outline of a parallelepiped, and includes the container base
11 having an opening on one surface (an upper surface in FIG.
7(a)), and the light transmitting window 15 arranged on the
opening of the container base 11 and sealing the container
base 11 in an air-tight manner.

The semiconductor light-emitting device 20 is arranged in
the vacuum container 10 so that the front surface 20a (an
upper surface in FIG. 7(a)) thereofis arranged so as to face the
light transmitting window 15 at a distance therefrom, and the
electron beam source 30 including the planar electron beam
emitting portion 32 formed on the supporting substrate 31 is
arranged in a peripheral area of the semiconductor light-
emitting device 20, specifically, in an area in the proximity of
the semiconductor light-emitting device 20 other than a por-
tion on an area on the front surface 20a and an area on the back
surface 205 of the semiconductor light-emitting device 20 so
as to surround the semiconductor light-emitting device 20.
Specifically, the electron beam sources 30 are each formed of
annular band-shaped members, and are arranged so as to
surround the semiconductor light-emitting device 20 in a
posture in which the front surface 32a of the electron beam
emitting portion 32 from which the electron beam exits faces
the same direction as the front surface 20a of the semicon-
ductor light-emitting device 20, that is, faces the light trans-
mitting window 15 of the vacuum container 10 and, in this
state, is fixed to the bottom wall of the container base 11 in the
vacuum container 10 via the supporting member 37. The
semiconductor light-emitting device 20 and the electron
beam source 30 are electrically connected to electron accel-
erating means 50 for applying the accelerating voltage pro-
vided outside of the vacuum container 10 via a conductive
line drawn out from the interior to the outside of the vacuum
container 10 so that the semiconductor light-emitting device
20 becomes the positive pole and the electron beam sources
30 becomes the negative pole. Also, the semiconductor light-
emitting device 20 is fixed to the bottom wall of the container
base 11 of the vacuum container 10 via the high-temperature
conducting member 16 provided on the back surface 205
thereof. Detailed configurations of the vacuum container 10,
the semiconductor light-emitting device 20 and the electron
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beam sources 30 are the same as the electron-beam-pumped
light source according to the first embodiment.

Then, an electrode for electric field control 40 configured
to direct a trajectory of the electron beam emitted from the
electron beam sources 30 toward the front surface 20a
through which light in the semiconductor light-emitting
device 20 exits is arranged at a position outward of the elec-
tron beam sources 30 with respect to the semiconductor light-
emitting device 20. Specifically, the electrode for electric
field control 40 is formed of a cylindrical member including
a body portion 41 having an inner diameter larger than the
outer diameter of the electron beam sources 30 and a tapered
portion 42 formed continuously from the body portion 41 and
being reduced in diameter toward a distal end (an upper end in
FIG. 7(a)), and is arranged so as to surround the outer periph-
ery of the electron beam sources 30. A proximal end of the
electrode for electric field control 40 is fixed to the bottom
wall of the container base 11 of the vacuum container 10. The
electron beam source 30 and the electrode for electric field
control 40 are electrically connected to a power source for
electric field control 52 provided outside the vacuum con-
tainer 10 via a conductive line drawn out from the interior to
the outside of the vacuum container 10 so that the electron
beam source 30 becomes the positive pole and the electrode
for electric field control 40 becomes the negative pole.

Inthe electron-beam-pumped light source according to the
fourth embodiment, a height [.1 of the front surface 20a ofthe
semiconductor light-emitting device 20 which the electron
beam enters is preferably a height displaced with respect to a
height L2 of the front surface 32a of the electron beam emit-
ting portion 32 of the electron beam sources 30 from which
the electron beam exits in the direction of emission of light of
the semiconductor light-emitting device 20 (the upward
direction in FIG. 7(a) and FIG. 8), that is, a height displaced
s0 as to be closer to the light transmitting window 15 than the
front surface 32a of the electron beam emitting portion 32 of
the electron beam sources 30 from which the electron beam
exits in a normal line direction X of the front surface 20a of
the semiconductor light-emitting device 20 as illustrated in
FIG. 8. Specifically, a distance (amount of displacement) d
between the height [.1 of the front surface 20a of the semi-
conductor light-emitting device 20 and the height [.2 of the
front surface 32a of the electron beam emitting portion 32
from which the electron beam exits is preferably 2 to Smm. In
this configuration, the trajectory of the electron beam emitted
from the electron beam emitting portion 32 may be controlled
easily at a small voltage, and the electron beam may enter the
front surface 20a of the semiconductor light-emitting device
20 at a higher efficiency.

As a material which constitutes the electrode for electric
field control 40, a metallic material, for example containing
any one of iron, nickel, cobalt, chrome, aluminum, silver,
copper, titanium, and zirconium may be used.

As an example of dimensions of the electrode for electric
field control 40, the inner diameter of the body portion 41 is
34 mm, the length in the axial direction is 12 mm, the inner
diameter at the distal end of the tapered portion 42 is 28 mm,
the length in the axial direction is 3 mm, the inclination of the
tapered portion 42 with respect to the body portion 41 is, for
example, 45°, the thickness of the cylindrical member which
constitutes the electrode for electric field control 40 is 0.3
mm, and the distance between the height of the surface of the
electron beam emitting portion 32 of the electron beam
sources 30 from which the electron beam exits and the height
at the distal end of the tapered portion 42 is 7 mm.

In the electron-beam-pumped light source described
above, when the voltage is applied between the electron beam
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source 30 and the extraction electrode 35, electrons are dis-
charged from the electron beam emitting portion 32 of the
electron beam source 30 toward the extraction electrode 35,
and these electrons proceed toward the semiconductor light-
emitting device 20 and are accelerated by the accelerating
voltage applied between the semiconductor light-emitting
device 20 and the electron beam source 30, whereby the
electron beam is formed. The trajectory of the electron beam
is directed toward the front surface 20a of the semiconductor
light-emitting device 20 where the light exits by the voltage
applied between the electron beam sources 30 and the elec-
trode for electric field control 40 by the accelerating voltage
and the power source for electric field control 52, and, con-
sequently, the electron beam enters the front surface 20a of
the semiconductor light-emitting device 20, that is, the sur-
face of the active layer 25. Then, in the semiconductor light-
emitting device 20, the electrons of the active layer 25 are
excited by the entry of the electron beam, whereby light such
as ultraviolet rays exits from the front surface 20a which the
electron beam in the semiconductor light-emitting device 20
enters and goes out to the outside of the vacuum container 10
via the light transmitting window 15 of the vacuum container
10.

In the description given thus far, the voltage applied
between the electron beam sources 30 and the extraction
electrode 35 by the power source for electron beam discharge
51 is preferably from 1 to 5 kV.

Also, the accelerating voltage of the electron beam applied
by the electron accelerating means 50 is preferably from 6 to
12 kV.

Also, the voltage applied between the electron beam
sources 30 and the electrode for electric field control 40 by the
power source for electric field control 52 is, for example, -2
to 2kV.

Also, the electron radiant quantity emitted from the elec-
tron beam emitting portion 32 is preferably 25 mA/cm? or
below, and more preferably, 1 to 15 mA/cm® and, further
preferably, 5 to 10 mA/cm?>.

According to the electron-beam-pumped light source as
described above, since the trajectory of the electron beam
emitted from the electron beam sources 30 may be directed
toward the front surface 20a from which light exits by the
electrode for electric field control 40, the electron beam may
enter the front surface 20a of the semiconductor light-emit-
ting device 20 at a high efficiency, whereby a high light output
is obtained without increasing the accelerating voltage of the
electron beam. In addition, since the light exits from the front
surface 20a of semiconductor light-emitting device 20
through which the electron beam from the electron beam
source 30 enters, the semiconductor light-emitting device 20
may be cooled from the back surface 205 of the semiconduc-
tor light-emitting device 20 via the high-temperature con-
ducting member 16. Therefore, since the semiconductor
light-emitting device 20 may be cooled efficiently, lowering
of the luminous efficiency of the semiconductor light-emit-
ting device 20 is avoided, and the high output light is main-
tained.

Also, since the electron beam source 30 is formed of the
annular band-shaped member having the planar electron
beam emitting portion 32 and is arranged in the periphery of
the semiconductor light-emitting device 20 so as to surround
the semiconductor light-emitting device 20, the front surface
20a of the semiconductor light-emitting device 20 is irradi-
ated uniformly with the electron beam.

Also, by keeping the electron radiant quantity emitted from
the electron beam emitting portion 32 to 25 mA/cm? or lower,
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a high light output may be obtained without increasing the
voltage to be applied to the electron beam source 30.

Also, since the surface area of the front surface 32a from
which the electron beam of the electron beam emitting por-
tion 32 exits is larger than the surface area of the front surface
20a through which the electron beam of the semiconductor
light-emitting device 20 enters, the electron beam emitted
from the electron beam emitting portion 32 has a high elec-
tron density when entering the front surface 20a of the semi-
conductor light-emitting device 20, so that the higher light
output is obtained without increasing the accelerating volt-
age.

Fifth Embodiment

FIG. 9 is an explanatory drawing illustrating a schematic
configuration of an electron-beam-pumped light source
according to a fifth embodiment of the present invention, in
which (a) is a cross-sectional side view, and (b) is a plan view
illustrating a state in which the light transmitting window is
removed.

In the electron-beam-pumped light source, a plurality of
(four in the illustrated example) the electron beam sources 30
each formed with the planar electron beam emitting portion
32 on the supporting substrates 31 are arranged in the periph-
eral area of the semiconductor light-emitting device 20 so as
to surround the semiconductor light-emitting device 20. Spe-
cifically, the electron beam sources 30 are each formed ofthe
partial annular band-shaped member, and are arranged so as
to surround the semiconductor light-emitting device 20 along
the circle having a center at the semiconductor light-emitting
device 20 in a posture in which the front surface 324 of the
electron beam emitting portion 32 from which the electron
beam exits faces the same direction as the front surface 20a of
the semiconductor light-emitting device 20, that is, faces the
light transmitting window 15 ofthe vacuum container 10 and,
in this state, is fixed to the bottom wall of the container base
11 in the vacuum container 10 via the supporting member 37.

Also, a plurality of electrodes for electric field control 40
configured to direct trajectories of the electron beams emitted
from the electron beam sources 30 toward the front surface
20a of the semiconductor light-emitting device 20 from
which light exits are arranged at positions outward of the
respective electron beam sources 30 with respect to the semi-
conductor light-emitting device 20 corresponding to the
respective electron beam sources 30. More specifically, the
respective electrodes for electric field control 40 are formed
of partial cylindrical members including the body portion 41
having an inner surface of which a radius of curvature is larger
than a radius of curvature of the outer surface of the electron
beam sources 30 and the tapered portions 42 being reduced in
diameter toward a distal end (an upper end in FIG. 9(a))
formed continuously from the body portion 41, and are
arranged so as to surround the four electron beam sources 30
along a circle having a center at the semiconductor light-
emitting device 20. Proximal ends of the electrodes for elec-
tric field control 40 are fixed to the bottom wall of the con-
tainer base 11 of the vacuum container 10. The electron beam
sources 30 and the electrodes for electric field control 40 are
electrically connected to the power source for electric field
control 52 provided outside the vacuum container 10 via a
conductive line drawn out from the interior to the outside of
the vacuum container 10 so that the electron beam source 30
becomes the positive pole and the electrodes for electric field
control 40 become the negative pole.
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Other detailed configurations are the same as the electron-
beam-pumped light source according to the fourth embodi-
ment.

According to the electron-beam-pumped light source as
described above, since the trajectory of the electron beam
emitted from the respective electron beam sources 30 may be
directed toward the front surface 20a of the semiconductor
light-emitting device 20 from which light exits by the respec-
tive electrodes for electric field control 40, the electron beam
may enter the front surface 20a of the semiconductor light-
emitting device 20 at a high efficiency, whereby a high light
output is obtained without increasing the accelerating voltage
of'the electron beam. In addition, since the light exits from the
front surface 20a which the electron beam from the respective
electron beam sources 30 of semiconductor light-emitting
device 20 enters, the semiconductor light-emitting device 20
may be cooled from the back surface 205 of the semiconduc-
tor light-emitting device 20 via the high-temperature con-
ducting member 16. Therefore, since the semiconductor
light-emitting device 20 may be cooled efficiently, lowering
of the luminous efficiency of the semiconductor light-emit-
ting device 20 is avoided, and the high light output is main-
tained.

Also, since the respective electron beam sources 30 are
formed of the partial annular band-shaped members having
the planar electron beam emitting portion 32 and are arranged
in the periphery of the semiconductor light-emitting device
20 so as to surround the semiconductor light-emitting device
20, the front surface 20a of the semiconductor light-emitting
device 20 is irradiated uniformly with the electron beam.

Other Embodiments

Although the embodiments of the electron-beam-pumped
light source of the present invention have been described, the
present invention is not limited to the above-described
embodiments, and various modifications may be made as
described below.

In the electron-beam-pumped light source of the present
invention, the detailed shape of the electron beam source is
not specifically limited as long as a planar electron beam
emitting portion is provided and, for example, a rectangular
plate shape or other shapes are also applicable.

Also, the position of arrangement of the electron beam
source is not specifically limited as long as it is in the periph-
ery of the semiconductor light-emitting device, and the elec-
tron beam can enter the light-emitting surface of the semi-
conductor light-emitting device. In the electron-beam-
pumped light source according to the third embodiment, for
example, the electron beam sources 30 may be arranged so
that the electron beam emitting portion 32 is directed toward
the semiconductor light-emitting device 20 at a position inter-
posing the semiconductor light-emitting device 20 therebe-
tween as illustrated in FIG. 10.

Also, the electron beam emitting portion 32 of the electron
beam source 30 is not limited to those formed of a carbon
nanotube, and those having various configurations may be
used as long as they have a planar shape.

Also, in a case where the electrode for electric field control
40 is provided, formation of the tapered portion 42 on the
electrode for electric field control 40 is not essential, and for
example, a cylindrical shape having an outer diameter and an
inner diameter uniform in the axial direction is also appli-
cable.

Also, the electrode for electric field control 40 may include
a first electrode member 40a and a second electrode member
405 divided into upper and lower halves as illustrated in FIG.

10

15

20

25

30

35

40

45

50

55

60

65

16

11. In the electrode for electric field control 40 of such a
configuration, a larger voltage is preferably applied to the
second electrode member 405 on the upper side than to the
first electrode member 40a on the lower side, whereby the
trajectory of the electron beam emitted from the electron
beam sources 30 can be directed reliably toward the front
surface 20a of the semiconductor light-emitting device 20
from which light exits and, consequently, the electron beam
may enter the front surface 20a of the semiconductor light-
emitting device 20 in a higher efficiency.

Also, the electrode for electric field control 40 may be
arranged inward of the electron beam sources 30 with respect
to the semiconductor light-emitting device 20, and in this
case, a positive voltage is applied to the electron beam sources
30. However, the electrode for electric field control 40 is
preferably arranged outward of the electron beam sources 30
with respect to the semiconductor light-emitting device 20 in
that the electron beam can enter the semiconductor light-
emitting device 20 in a high efficiency.

REFERENCE SIGNS LIST

10 vacuum container

11 container base

15 light transmitting window

16 high-temperature conducting member
20 semiconductor light-emitting device
20q front surface

205 back surface

21 substrate

22 buffer layer

25 active layer

26 quantum well layer

27 barrier layer

30 electron beam source

31 supporting substrate

32 electron beam emitting portion

32a front surface

33 base

35 extraction electrode

36 electrode holding member

37 supporting member

40 electrode for electric field control
40q first electrode member

405 second electrode member

41 body portion

42 tapered portion

50 electron accelerating means

51 power source for electron beam discharge
52 power source for electric field control
80 vacuum container

81 light transmitting window

82 semiconductor light-emitting device
83, 84 light reflecting member

85 laser structure

86 electron beam source

87 electron accelerating means

The invention claimed is:

1. An electron-beam-pumped light source comprising:

an electron beam source; and

a semiconductor light-emitting device excited by an elec-
tron beam emitted from the electron beam source,
wherein

the electron beam source includes a planar electron beam
emitting portion and arranged in the periphery of the
semiconductor light-emitting device,
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light exits from a surface which the electron beam from the
electron beam source of the semiconductor light-emit-
ting device enters, and

the electron beam source is arranged so as to surround the

semiconductor light-emitting device.

2. The electron-beam-pumped light source according to
claim 1, wherein the electron beam emitting portion is formed
of a carbon nanotube.

3. The electron-beam-pumped light source according to
claim 1, wherein the electron beam source is formed of an
annular band-shaped member surrounding the semiconduc-
tor light-emitting device.

4. The electron-beam-pumped light source according to
claim 1, wherein a plurality of the electron beam sources are
arranged so as to interpose the semiconductor light-emitting
device therebetween.

5. The electron-beam-pumped light source according to
claim 1, wherein a plurality of the electron beam sources
including partial annular band-shaped members respectively
are arranged so as to surround the semiconductor light-emit-
ting device.

6. The electron-beam-pumped light source according to
claim 1, further comprising:

an electrode for electric field control configured to direct a

trajectory of the electron beam emitted from the electron
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beam source toward a surface of the semiconductor
light-emitting device from which light exits.

7. The electron-beam-pumped light source according to
claim 6, wherein a height of the surface of the semiconductor
light-emitting device which the electron beam enters is a
height displaced from the surface of the electron beam emit-
ting portion from which the electron beam emits in the direc-
tion of emission of the light from the semiconductor light-
emitting device.

8. The electron-beam-pumped light source according to
claim 6, wherein the electrode for electric field control is
arranged outward of the electron beam source with respect to
the semiconductor light-emitting device, and a negative volt-
age is applied to the electron beam source.

9. The electron-beam-pumped light source according to
claim 1, wherein electron radiant quantity emitted from the
electron beam emitting portion is 25 mA/cm? or smaller.

10. The electron-beam-pumped light source according to
claim 9, wherein the surface area of a surface of the electron
beam emitting portion from which the electron beam exits is
larger than the surface area of the surface of the semiconduc-
tor light-emitting device which the electron beam enters.

11. The electron-beam-pumped light source according to
claim 2, wherein the electron beam source is arranged so as to
surround the semiconductor light-emitting device.
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